Objective: To investigate the distributions of human leukocyte antigen (HLA)-A and -B alleles and HLA-A-B haplotypes in the Yi ethnic minority of the Yunnan Province, situated in southwestern China. Methods: DNA typing for HLA-A and -B loci was performed using the polymerase chain reaction-sequence-based typing (PCR-SBT) method on 114 randomly selected healthy individuals of the Yi population. The allelic frequencies of HLA-A and -B loci were calculated by direct counting and HLA-A-B haplotypes were estimated using the expectation maximization algorithm.
Introduction
The major histocompatibility complex (MHC) is a genetic region defined initially by the rejection of skin grafts in genetically incompatible mouse strains. In humans, the human leukocyte antigen (HLA) region, equivalent to the MHC, comprises about 3 Mb located on the short arm of chromosome 6 (6p21.3) (Erlich et al., 2001) . HLA genes are divided into three basic groups: class I, class II, and class III. HLA-A, -B, and -C are the major genes in MHC class I, the most polymorphic and variable one, with currently more than 2 678 alleles identified (situation on July 2009) (http://www.ebi.ac.uk/imgt/hla/stats.html).
It has been shown that the distributions of HLA alleles and haplotypes are different from one ethnic group to another or even between the members of the same ethnic group living in different geographical areas . Due to its high degree of polymorphisms and variability in allele/haplotype frequencies, HLA loci analyses have become a valuable tool to trace population migration and origin, and to study population relationships for anthropological purposes .
The Yi ethnic minority, previously named "Luoluo," is a modern ethnic group seen in China, Vietnam, and Thailand. With 8 million people, the Yi ethnic minority represents the 7th largest of 55 ethnic minority groups officially recognized in China. There are 3300 Yi people (1999 census) living in northeastern Vietnam (http://www.chinakindnesstour.com/ Chinainfo/minority/EthnicMinority/Chinainfo128.shtml). Nearly all the Yi people live in the mountainous areas of Sichuan, Yunnan, Guizhou, and Guangxi Provinces in southwestern China, usually inhabiting the sides of steep mountain slopes far from cities. In the period between the 2nd century B.C. and the early Christian era, the activities of the ancient Yi centered on the areas of Dianchi in Yunnan Province and Qiongdou in Sichuan Province. After the 3rd century B.C., the ancient Yi extended their activities from the Anning River valley, the Jinsha River, the Dianchi Lake, and the Ailao Mountains to northeastern and southern Yunnan, northwestern Guizhou, and northwestern Guangxi .
Most Yi people are farmers, herders of cattle, sheep and goats, and nomadic hunters. Only about one third of the Yi are literate and most elders are not able to write. The Yi language, which is written in the Yi script, belongs to the Tibeto-Burman language group of the Chinese-Tibetan language family, and includes six dialects. Most Yi are animists, with believes combined with elements of Daoism, shamanism, and fetishism, except for those who have been influenced by Buddhism through the Han culture or converted to Christianism (Guo and Dong, 2000) .
Accounting for 61% of the total Yi population in China, the Yunnan Province ranks the first . The Honghe Hani and Yi Autonomous Prefecture is located in the south of the Yunnan Province of China and borders Vietnam to the south. According to the 2000 national census, Honghe has 973 732 Yi, accounting for 23.57% of the whole population in this area (China, National Bureau of Statistics, 2001) .
Although there are several studies about the polymorphism of HLA genes of the Yi population using low resolution techniques (Chen W.M. et al., 2001; Lu et al., 2003a; 2003b; Wen et al., 2004; Chen S. et al., 2007) , no high-resolution data using HLA class I gene polymorphisms of the Yi people are available now. In the present study we have investigated the distributions of HLA-A and -B alleles and HLA-A-B haplotypes in the Yi ethnic minority in the Honghe Prefecture of the Yunnan Province, southwestern China, using the polymerase chain reaction-sequence-based typing (PCR-SBT) method, and compared these data with ones recorded in other populations in order to enrich the knowledge of HLA polymorphism in Chinese ethnic groups and to better understand the genetic relationships among different populations. This is the first HLA study of the Yi ethnic minority of the Honghe Autonomous Prefecture. Moreover, the distribution of HLA-A-B haplotypes was also investigated for the first time in the Yi in this study. The results from these analyses therefore will provide useful information for blood and bone marrow transplantation, anthropological researches, and forensic science as well as for disease-association studies.
Materials and methods

Samples and DNA extraction
After informed consent, non-coagulated ethylenediaminetetraacetic acid (EDTA) blood samples were obtained from 114 unrelated healthy Yi individuals living in the Honghe Hani and Yi Autonomous Prefecture, Yunnan, China. All participants were randomly chosen among individuals whose ancestors have lived in the region for at least three generations and were self-identified as Yi. All blood samples were stored at −20 °C before DNA extraction. Genomic DNA was extracted using standard techniques (Miller et al., 1988) .
Typing of HLA class I genes
All subjects were typed for HLA-A and -B loci. SBT of the HLA-A and -B loci was performed on exons 2 and 3, according to Kurz et al. (1999) and Pozzi et al. (1999) with minor modifications.
Amplification by polymerase chain reaction (PCR) was accomplished on GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA, USA). PCR-amplified DNA fragments were purified and sequenced using the ABI PRISM BigDye Terminator Cycle Sequencing Ready Reaction Kits (Applied Biosystems, Foster City, CA, USA) using an ABI 3730XL DNA sequencer (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions. Sequencing was always performed in forward and reverse directions and processed using Sequencing Analysis, MatchTools and Navigator (MatchTools Allele Identification package, Applied Biosystems, Foster City, CA, USA). This software was used to detect the heterozygous positions within each electropherogram and to assess the typing, based on an alignment of the processed sequence with an updated library of HLA sequences and alleles defined up to October 2007. Ambiguous types were resolved to four digits according to the updated database (IMGT release 2.19.0).
Statistical analysis
Allele frequencies of HLA-A and -B loci were estimated using SPSS 11.0 software (SPSS Inc., Chicago, Illinois). Haplotype frequencies were calculated from genotype data by expectation maximization (EM) algorithm using Arlequin software package version 3.0 (Laurent Excoffier, CMPG, Zoological Institute, University of Bern, Switzerland) (Excoffier et al., 2005) . Forensic parameters including observed heterozygosity (Ho), expected heterozygosity (He), power of discrimination (PD), polymorphism information content (PIC), and probability of paternity exclusion (PPE) were computed using the PowerStat version 1.2 spreadsheet (Promega Corporation, USA) as described (Tereba, 1999) . The exact test of Guo and Thompson (1992) was used to evaluate deviation from expected Hardy-Weinberg genotypic proportions. Absolute linkage disequilibrium (ALD), maximal linkage disequilibrium (MLD), and relative linkage disequilibrium (RLD) between two alleles at the HLA-A and -B loci were calculated according to Weir (1996) . Analysis of molecular variance (AMOVA) was performed by Arlequin to estimate the population differentiation and to compare HLA allele frequencies between Yi and other populations, and the results are presented as the fixation index. A neighbor-joining (NJ) tree from allele frequencies of HLA-A and -B loci was constructed using the Mega3.1 software package (Center for Evolutionary Functional Genomics, the Biodesign Institute Tempe, AZ, USA).
Results
Study design
Allele frequencies of HLA class I genes were investigated by PCR-SBT in 114 unrelated subjects from the Yi ethnic minority in the Yunnan Province of southwestern China. The Ewens-Watterson homozygosity test showed no evidence for a departure from selective neutrality at HLA-A and -B loci. No significant deviation from the Hardy-Weinberg equilibrium was observed at the HLA-A and HLA-B loci (P=0.05249 and 0.103721, respectively).
Allele distribution
In total, we detected 17 HLA-A and 38 HLA-B alleles in the subjects. The allelic distributions are summarized in Table 1 . The three most common HLA-A alleles with a frequency greater than 10% were HLA-A*2402 (32.46%), A*1101 (26.32%), and A*0203 (10.09%). The second in rank with frequencies greater than 3% were alleles A*0207, A*0201, and A*3101. At the HLA-B locus, B*4601 had the highest frequency (12.28%), which was followed by B*1525 (10.09%), B*4001 (8.77%), and B*3802 (7.89%).
Haplotype frequencies
As summarized in Table 2 , of the 180 HLA-A-B haplotypes predicted by the EM algorithm, 37 were found at frequencies greater than 0.58%. Two HLA-A-B haplotypes occurred at frequencies greater than 5%, i.e., HLA-A*2402-B*1525 (7.86%) and A*0203-B*3802 (5.64%), followed by A*1101-B*4001 (4.69%), A*0207-B*4601 (4.64%), A*1101-B*5201 (4.37%), and A*2402-B*4601 (4.09%). Table 2 also shows the values of ALD, MLD, and RLD, which are commonly used in the evaluation of the linkage disequilibrium (LD) in population genetics. Twenty-seven HLA-A-B haplotypes are common haplotypes with significant linkage disequilibrium (both haplotype frequency and RLD are higher than 1%).
Forensic parameters
The values of common forensic parameters of HLA-A and -B loci in the Yi population are listed in Table 3 . The Ho, He, PD, PIC, and PPE were 0.7997, 0.7456, 0.9289, 0.7762, 0.5023 for HLA-A and 0.9382, 0.8596, 0.9846, 0.9349, 0.7140 for HLA-B, respectively.
Phylogenetic tree analysis
As shown in Fig. 1 , an NJ phylogenetic tree was constructed using the allele frequencies of HLA-A and -B loci of 28 representative populations all over the world. Two main clusters were obtained: African and Asian/European. Located in the southeastern Asian cluster, the Yi population was first grouped with Tujia ethnic group and followed by Jinuo, Wa, Shui, Miao and Bouyei ethnic minorities living in China, as well as Vietnamese and Javanese groups. Subsequently, they were joined by the southern Chinese groups, including the Taiwanese, Hong Kong Chinese, Singapore Chinese, and southern Canton Chinese. Compared to other ethnic minorities like Jinuo, Wa, Shui, Miao, and Bouyei, the genetic structure of the Yi is the closest to the northeastern Asian populations. Ho: observed heterozygosity; He: expected heterozygosity; PD: power of discrimination; PIC: polymorphism information content; PPE: probability of paternity exclusion
Discussion
The HLA is the most polymorphic genetic system of human genome, consisting of a number of closely linked genes (Marsh et al., 2002) . The distributions of HLA alleles and haplotypes have been widely used in the investigation of the origin and migration of human populations, transplantation matching, forensic sciences, and disease-association studies (Li et al., 2009; Wang et al., 2009) .
The technology of HLA typing has significantly evolved since the PCR method was introduced by Mullis and Faloona (1987) . Nowadays, there are several kinds of PCR-based HLA typing being used: DNA amplification with sequence specific primers (SSP) (Zetterquist and Olerup, 1992) , sequencespecific oligonucleotide probes (SSOP) (Petersdorf et al., 1991) , single-stranded conformation polymorphism (SSCP) (Lo et al., 1992) , sequence-based typing (SBT) (Santamaria et al., 1993) , and DNA chip technology (Jiang et al., 2006) . These HLA typing techniques have much higher accuracy as well as reliability than the classical serologic typing method, and also facilitate the standardization of HLA typing processes. Among all the PCR-based HLA typing, SBT is considered the gold standard (Danzer et al., 2007) and the most comprehensive method for characterizing MHC gene polymorphisms (Takeshima et al., 2009) . Moreover, new HLA alleles can be easily identified by SBT and confirmed after cloning (Scheltinga et al., 1997) .
We found that there were significant differences between the studied Yi population living in Yunnan and the one living in Sichuan at HLA-A (P=0.037) (Lu et al., 2003a) and HLA-B (P<0.001) . Studies have shown that allelic distributions in the HLA-A and -B loci differ from the members of the Chinese Yi ethnic group living in different geographic areas. In Asians, HLA-A*1101, A*2402, and A*3303 were found at significantly higher frequencies than those observed in other populations (Cao et al., 2001) . As the predominant HLA-A allele in the Yi population, A*2402 (32.46%) is also the most common one of other populations such as the Tibetan , Mongolian , Japanese (Saito et al., 2000) , and Korean groups (Lee et al., 2005) in northern Asia and interestingly, also in north native Americans (Cao et al., 2001) . A*1101, the second most common HLA-A allele in the Yi (26.32%), has the highest prevalence in Southwest Asia Ogata et al., 2007; Hoa et al., 2008; and in many Chinese population groups (20.23%-28.70%) (Middleton et al., 2004; Yang et al., 2006; Trachtenberg et al., 2007; Wen et al., 2008) . A*1101 and A*2402 together accounting for almost 60% of all HLA-A alleles were observed in the Yi population, whereas A*3303 had a relatively low frequency (2.63%) than that in other Asian populations such as the Korean (16.49%) (Lee et al., 2005) , Wa ethnic minority living in China (16.10%) , Javanese (15.61%) (Yuliwulandari et al., 2009) , Vietnamese (11.50%) (Hoa et al., 2008) , and other Chinese groups (6.23%-11.70%) (Middleton et al., 2004; Yang et al., 2006; Trachtenberg et al., 2007; Wen et al., 2008) . These observations suggest that the Yi people have some characteristics of northeastern Asian groups in terms of HLA-A allelic distribution.
In the Yi people, B*4601 had the highest prevalence (12.28%) at the HLA-B locus. In a disease association study between the HLA allele distribution and the epidemic of severe acute respiratory syndrome (SARS), Lin et al. (2003) showed that HLA-B*4601 was a possible susceptibility HLA allele for the infection of SARS. In previous studies, HLA-B*4601 was also reported to occur at high frequencies in Southeast Asian populations such as the Vietnamese population (11.50%) (Hoa et al., 2008) and in southern Chinese groups such as in the Taiwanese (Wen et al., 2008) , Hong Kong Chinese (Middleton et al., 2004) , Singapore Chinese (Middleton et al., 2004) , and southern Canton Chinese groups (Trachtenberg et al., 2007) (11.90%-16.30%) , where the highest occurrence of SARS cases of the world was found. By contrast, B*4601 is rarely seen in European populations (0-0.9%) (Cao et al., 2001; Spínola et al., 2005a; 2005b; Dunne et al., 2008; Mack et al., 2009) , and never seen in African populations (Cao et al., 2001; or in native Americans (Cao et al., 2001) , where very few cases of SARS infection were reported. HLA-B*1502, a common HLA-B allele in the Yi population (7.46%) and in Southeast Asia, was reported to have a strong association with cutaneous adverse drug reactions, including carbamazepine (CBZ)-induced StevensJohnson syndrome (SJS) and toxic epidermal necrolysis (TEN) in Han Chinese and many other Asian populations (Chung et al., 2004; Hung et al., 2006; Lonjou et al., 2006; Man et al., 2007) . So far, there have been no epidemiologic studies of SARS, CBZ-SJS, or TEN conducted in the Yi population. As one of the most important characteristics of the HLA system, the LD between the HLA-A and -B loci in the Yi population was measured through calculating ALD, MLD, and RLD. Six HLA-A-B haplotypes, including A*2402-B*4801, A*1101-B*0702, A*3303-B*4403, A*0207-B*5604, A*2601-B*2705, and A*0206-B*4006, had the most significant LD (RLD=1), which indicates that there is very little chance of the recombination between the A and B alleles for these haplotypes in the Yi population. The haplotypes in this study were estimated using EM algorithm, but the haplotypes presented were not based on family data; therefore, we need to acknowledge the potential errors inherent to haplotype estimation methods (Single et al., 2002) .
In the NJ-constructed phylogenic tree, the Yi population has the closest genetic distance to the Tujia ethnic group that was sampled in the Hubei Province of China. The Tujia ethnic group may trace back their history to the ancient Ba people who occupied the area around modern-day Chongqing in southwestern China some 2500 years ago (http:// en.wikipedia.org/wiki/Tujia). The close genetic relationship between Yi and Tujia is also supported by the origin of their languages, which have grammatical and phonological similarities (http://www.brassett. org.uk/tujia/elng/elintro.html) belonging to the Tibeto-Burman language family (often considered a subgroup of the Sino-Tibetan language family) , and are spoken in various central, eastern, southern, and southeastern Asian countries.
In a previous study of genetic structures in Chinese populations, it was shown that although the Tujia people belong to southern populations of China, they also contain certain lineages that are seen in northern populations. It was also shown that the Yi population was the first to be grouped with the Tujia group, followed by the Bouyei and Wa populations (Du et al., 1997) , which is in accordance with the observation in this study. Some scholars consider that the Yi descended from the ancient Qiang people of today's western China, who are also said to be the ancestors of the Tibetan, Naxi, and Qiang peoples. They migrated from southeastern Tibet through Sichuan into Yunnan, where their largest populations can be found today. This may explain that the northeastern Asian groups are closer in the phylogenetic tree to the Yi population ( Fig. 1 ) than other southeastern Asian ethnic groups located in adjacent regions to the Yi, such as Miao, Bouyei, Shui, Jinuo, and Wa, which have different origins. In a previous study, it was concluded that the Yi originated from the north of the Yangtze River where a significant fraction of them still live, but they at present belong to the southern group (Du et al., 1997) .
As a highly polymorphic genetic marker system, HLA has been applied to forensic science for a long time (Mayr, 1988; Lee et al., 1994) and is considered a useful tool for personal identification and paternity testing (Allen et al., 1993; Li et al., 2004) . The polymorphisms of genetic markers can be evaluated by some forensic parameters such as Ho, He, PD, PIC, and PPE. Using these parameters, gene heterozygosity can objectively reflect the genetic variation level in a population. Polymorphism information content is often used to measure the indicative strength of genetic markers for linkage studies. A locus is considered highly polymorphic when its PIC is higher than 0.5. Also, PD and PPE are indicators for discrimination capability of a genetic marker and the PD and PPE values of a marker with high polymorphism are normally higher than 0.8 and 0.5, respectively. In our study, the PIC values of HLA-A and -B loci in the Yi population were both higher than 0.5 (0.7762 and 0.9349, respectively) and the PD and PPE at both HLA-A and -B loci were higher than the cutoff values mentioned above. Therefore, the HLA-A and -B polymorphism data obtained from the Yi people were valuable for forensic science research.
In conclusion, the HLA polymorphism data presented in this study indicate that the Yi population in Honghe, Yunnan, China, basically belongs to groups of southeastern Asian origin, but at the same time they share some characteristics with northeastern Asian group in terms of the distribution of allele frequencies. This study adds to our understanding of HLA polymorphisms in the ethnic groups in Asia. In addition, these results may provide useful information for blood and bone marrow transplantation, forensic science, and disease-association studies. However, it will be necessary to perform further HLA analysis on class II and other class I loci in order to describe the complete profiles of the Yi population.
